Seedlings of two tomato genotypes, Lycopersicon esculentum Mill. var. Amalia and the wild thermotolerant type Nagcarlang, were grown under a photoperiod of 16 h light at 25 • C and 8 h dark at 20 • C. At the fourth true leaf stage, a group of plants were exposed to a heat-shock temperature of 45 • C for 3 h, and measurements of chlorophyll fluorescence, gas-exchange characteristics, dark respiration and oxidative and antioxidative parameters were made after releasing the stress. The heat shock induced severe alterations in the photosynthesis of Amalia that seem to mitigate the damaging impact of high temperatures by lowering the leaf temperature and maintaining stomatal conductance and more efficient maintenance of antioxidant capacity, including ascorbate and glutathione levels. These effects were not evident in Nagcarlang. In Amalia plants, a larger increase in dark respiration also occurred in response to heat shock and the rates of the oxidative processes were higher than in Nagcarlang. This suggests that heat injury in Amalia may involve chlorophyll photooxidation mediated by activated oxygen species (AOS) and more severe alterations in the photosynthetic apparatus. All these changes could be related to the more dramatic effect of heat shock seen in Amalia than in Nagcarlang plants.
Introduction
Most plants show optimal development in a narrow temperature range, usually 10-30 • C. Plant productivity decreases dramatically outside this range. In many parts of the world, especially in arid and semiarid areas, temperature extremes limit plant production (Wardlaw and Wrigley 1994) .
Physiological damage by high temperatures occurs at all levels of the plant structural organisation. Water loss from chloroplasts (McCain et al. 1989) , damage to the primary photosynthetic processes (Al-Khatib and Paulsen 1989) , changes in phosphorylation and thylakoid structures (Santarius and Weis 1988) are some examples of the effects of temperature at the subcellular level. With short-term (minutes to hours) temperature changes, some key components of the photosynthesis apparatus seem to be affected (Makino et al. 1994) . For example, PSII is often thought to be the most labile and easily damaged photosynthetic component during heat Abbreviations used: AOS, activated oxygen species; APX, ascorbate peroxidase; ASC, ascorbate (reduced form); CAT, catalase; DHA, ascorbate (oxidised form, dehydroascorbate); F m , maximum chlorophyll fluorescence; F o , initial chlorophyll fluorescence; GR, glutathione reductase; GSH, glutathione (reduced form); GSSG, glutathione (oxidised form); MDA, malondialdehyde; SOD, superoxide dismutase; l , leaf water potential; p , leaf turgor pressure; s , leaf osmotic potential. stress (Havaux and Tardy 1996; Stefanov et al. 1996) . Recent studies with cotton, wheat, tobacco and maize have confirmed earlier observations (Kobza and Edwards 1987; Feller et al. 1998 ) that Rubisco is deactivated markedly in response to moderate heat stress (Salvucci and Crafts-Brandner 2004) . The export of photoassimilates is another metabolic process that is sensitive to inhibition by high temperature (Jiao and Grodzinski 1996) .
In addition to the former mechanisms, other factors affecting plant adaptation to thermal extremes have recently been under scrutiny, such as those related to oxidative stress (Dat et al. 1998; Mittler 2002) . The AOS are produced in different cellular organelles as a result of normal aerobic metabolism. When allowed to accumulate, these activated oxygen species (H 2 O 2 , OH − , 1 O 2 ) can cause damage to cellular components, severely disrupting metabolic functioning. Under normal conditions, a steady-state equilibrium probably exists in plants between AOS formation and their scavenging systems that keep AOS below harmful levels. This is why an increase in the level and / or activity of AOS-scavenging systems, such as CAT, SOD and the components of the ascorbate-glutathione (ASC-GSH) cycle, is most often assumed to indirectly reflect an increase in AOS formation (Foyer et al. 1997) . Increases in AOS are typical of plant responses to biotic and abiotic stress, and experimental evidence suggests that plants with high levels of antioxidants, whether constitutive or induced, have greater resistance to activated oxygen-mediated damage (Mullineaux and Creissen 1997; Hernández et al. 2001; del Río et al. 2002; Panchuk et al. 2002; De Biasi et al. 2003; Gómez et al. 2004) . In this sense, several authors have described increases in AOS during heat stress in plant tissues. The way in which high temperatures alter the levels of enzymatic and non-enzymatic antioxidants involved in the detoxification of AOS, which may result in oxidative damage, has been described previously (Paolacci et al. 1997; Dat et al. 1998 ). Thus, the ability of a plant to improve its AOS-scavenging capacity may be a key element in heat stress tolerance, although little is known of extent to which variations in antioxidant levels contribute to variations in the tolerance of plants to acute stress. The optimum temperatures for tomato cultivation are between 25 and 30 • C in daylight and 20 • C during the dark period. However, tomato cultivation has increased in the tropics and subtropics where high temperature often disturbs plant establishment. For this reason, it is important to obtain new varieties with high tolerance to these climatic conditions. The knowledge of the physiological and biochemical response of plants under stress conditions constitutes an important tool in breeding programs and genetic plant engineering for obtaining crops tolerant to adverse conditions. In the present study the effect of heat shock on the chlorophyll fluorescence, photosynthetic parameters and gas-exchange characteristics of two tomato genotypes, Lycopersicon esculentum var. Amalia and the wild thermotolerant type Nagcarlang, were determined. We believe that a physiological comparison between a sensitive and a thermotolerant genotypes will reveal new insights in the understanding of mechanisms responsible for high temperature tolerance. Some mechanisms that may be involved in the tolerance were considered, especially those related with pigment content and the enzymatic antioxidant systems.
Materials and methods

Plant material and experimental conditions
Seedlings of two tomato genotypes, Lycopersicon esculentum Mill. var. Amalia obtained from the breeding program of the National Institute of Agricultural Science, La Habana, and characterised as having good behaviour under non-optimal conditions (Álvarez et al. 1997) , and the wild type Nagcarlang, characterised as a thermotolerant genotype, were grown in a growth chamber in pots filled with organic material and irrigated with nutrient solution (Hoagland and Arnold 1950) .
Plants were grown under a photoperiod of 16 h light at 25 • C and 8 h dark at 20 • C. Light intensity was 250 µmol photons m −2 s −1 and relative humidity was 60%.
At the fourth true leaf stage, a group of plants were exposed to a heat shock (air temperature 45 • C) for 3 h (45 • C 3 h), while another group was maintained at 25 • C, in both cases the light intensity was maintained close to 250 µmol m −2 s −1 and the relative humidity close to 60%.
The temperature detected on the leaf surface during the stress was 41 ± 1 • C in the Amalia genotype, and 38 ± 1 • C in the Nagcarlang genotype. The temperature detected in the soil at root level was 43 • C ± 1 • C.
All the physiological and biochemical measurements after releasing the stress were made according to the experimental protocol used in previous heat-shock assays (Makino et al. 1994) . The leaves of both genotypes were apparently not damaged (desiccated or bleached) by the transition from high to low temperature.
Gas-exchange and chlorophyll fluorescence measurements
Gas-exchange measurements (photosynthesis, stomatal conductance, transpiration and respiration) were made with a portable LiCor Li-6400 (Li-Cor Inc., Lincoln, NE) at the end of the heat stress, adjusting the cuvette temperature to 25 • C for control plants and 45 • C for stressed plants, with a relative humidity of 60%. CO 2 pressure was 35 × 10 −6 MPa with a flow of 400 µmol s −1 , and the light intensity was 250 µmol m −2 s −1 except during respiration measurements, which were done in darkness after a dark-adapted period of 20 min. Six leaf gasexchange measurements were made per plant treatment at each sampling time. The values of chlorophyll fluorescence on the adaxial leaf surface were taken after incubating the leaves in dark for 20 min (Camejo et al. 2005) . Initial fluorescence (F o ) was measured using a weak, modulated red light. Maximum chlorophyll fluorescence (F m ) was measured after a 0.8-s pulse of strong red light (>4000 µmol photons m −2 s −1 PAR). The values of F o , F m and F v / F m were read directly in the LiCor Li-6400 (Li-Cor Inc.) .
Water potential
Leaf water potential ( l ) was estimated with a pressure chamber (Soil Moisture Equipment Co., Santa Barbara, CA), according to Scholander et al. (1965) . The leaf for the measurements of leaf osmotic potential ( s ) were frozen in liquid nitrogen and stored at −80 • C. The samples were thawed for 30 s, providing 10 µL of sap, which was used for the determination of solute concentration according to Gucci et al. (1991) with a Wescor 5500 vapour pressure osmometer (Wescor Inc., Logan, UT). Leaf turgor pressure ( p ) was estimated as the difference between leaf water potential and leaf osmotic potential.
Pigment content
The pigment content was assayed according to Arnon (1949) . A leaf sample (0.25 g) was ground in a mortar with acetone 80% (v / v), vacuum filtered and collected in a volumetric flask, which was taken to a volume of 25 mL with 80% acetone. Absorbance of the extract was read at 652 and 440 nm for total chlorophyll and carotenoids, respectively.
Leaf enzyme extraction
All operations were performed at 4 • C. The leaf tissue was homogenised in a mortar using different buffers for each enzyme: 50 mM potassium phosphate (pH 8.0) for SOD; 50 mM Hepes-NaOH (pH 7.0) for APX; 50 mM potassium phosphate (pH 7.0) for CAT. All these buffers contained 0.1 mM EDTA, 5 mM cysteine, 0.2% (v / v) Triton X-100, 1% (w / v) soluble PVP and 0.1 mM PMSF. The homogenate was filtered through one layer of nylon. For APX extraction, sodium ascorbate (20 mM) was included in the extraction buffer and EDTA was omitted. After centrifugation at 15 000 g for 10 min, the supernatant was immediately filtered through a Sephadex G 50 PD10 column (Pharmacia Biotech AB, Piscataway, NJ), equilibrated with the same buffer as used for homogenisation, with or without sodium ascorbate. The resulting supernatant was frozen at −20 • C except in the case of APX activity, which was determined immediately.
Enzyme activity assays
Ascorbate peroxidase, CAT and SOD activities were assayed according to previously published protocols, as described by Jiménez et al. (1997) . Enzyme activities were corrected for non-enzymatic rates and for interfering oxidations (Jiménez et al. 1997) . For APX activity, the oxidation rate of ASC was estimated between 1 and 60 s after starting the reaction by the addition of H 2 O 2 . The enzyme activity was expressed as nmol min −1 mg −1 protein of ascorbic acid oxidised using an extinction coefficient of 2.8 mM −1 cm −1 . Catalase activity was determined according to Aebi (1984) by measuring the decrease in absorbance at 240 nm due to the disappearance of 10.6 mM H 2 O 2 . Total SOD activity was assayed by the ferricytochrome c method (McCord and Fridovich 1969) . The enzyme activity was expressed as units mg −1 protein. To separate SOD isoenzymes non-denaturing PAGE and isoelectrofocusing were performed on 12 and 7.5% (w / v) acrylamide gels, respectively, with a miniprotean II dual slab cell (Bio Rad, Hercules, CA). The range of pharmalites (Pharmacia) used was pH 4-6. The same amount of protein per lane was analysed. Samples were prefocused at 250 V for 30 min, and then focused at 450 V for 3 h 30 min. SOD isoenzymes were localised by the method of Beauchamp and Fridovich (1971) . Isoenzyme identification was performed by selective inhibition with KCN and H 2 O 2 . The isoenzyme activity was quantified on an image analyser (Gen Tools, Syngene, Frederick, MD).
Determination of H 2 O 2 , lipid peroxidation and protein oxidation
The H 2 O 2 content was determined immediately by a peroxidasecoupled assay, using 4-aminoantipyrine and phenol as donor substrates (Gómez et al. 2004 ). The extent of lipid peroxidation was estimated by determining the concentration of substances reacting with thiobarbituric acid, according to Buege and Aust (1972) . Protein oxidation was analysed as described by Prasad (1996) .
Determination of total reduced and oxidised glutathione
Leaf tissue was carefully homogenised with percloric acid (10%) that contained bathophenantrolin disulfonic (BPDS 1 mM). The homogenate was squeezed through two layers of nylon and incubated with ice in the dark for 30 min. The extract was centrifuged at 15 000 g for 10 min. GSH and GSSG in the supernatant (acid extract) was directly determined by HPLC according to Jiménez et al. (1997) .
Determination of total ascorbate
Ascorbate was extracted from leaf tissue by mixing the samples with an equal volume of 10% m-phosphoric acid and incubating with ice in the dark for 30 min. The mixture was diluted with distilled water to give a final concentration of 5% m-phosphoric acid and centrifuged at 15 000 g for 10 min (Jiménez et al. 1997) . ASC and DHA in the supernatant were determined immediately by HPLC. DHA was quantified from ASC data by incubating the samples for 24 h at room temperature with 1 mM DTT (final concentration). The DHA concentration was measured as ASC after rechromatography (Jiménez et al. 1997) .
Other analytical methods
Electrolyte leakage was determined by a conductivity method according to Lafuente et al. (1991) . Total soluble proteins were estimated according to Bradford (1976) .
Statistical analysis
The experiment was conducted in a completely randomised design. Gas-exchange, fluorescence and leaf temperature results are the means of six independent replicates of each plant treatment. Pigment content results are the means of six replicates per treatment, and SOD and APX results are the means of three independent replicates per treatment. The significance of differences between mean values was determined by one-way analysis of variance. Duncan's multiple range test was used to compare the means when necessary.
Results
The photosynthesis during heat-shock treatment was significantly reduced in the stressed Amalia plants, while the tolerant Nagcarlang showed no such modifications resulting from stress (Fig. 1A) . Leaf stomatal conductance and transpiration rates also differed between genotypes, a reduction in stomatal conductance being observed in stressed Amalia plants ( Fig. 1B) , accompanied by an increase in transpiration levels (Fig. 1C ). However, in stressed Nagcarlang plants the stomatal conductance was not affected by the stress conditions, although an important increase in transpiration values were observed ( Fig. 1B, C) . The dark leaf respiration was increased by high temperatures in both genotypes, although the increment observed in Amalia was higher than that observed in Nagcarlang plants (Fig. 1D ).
Plant water status was not affected by the stress in either genotype, and so neither leaf water potential nor the leaf turgor potential was significantly reduced by the heat (Table 1) .
Changes in chlorophyll fluorescence were noted in Amalia genotype, in which F o values increased and F m values decreased (Table 1 ). The efficiency of the PSII, expressed by the F v / F m ratio, was also modified by stress conditions in Amalia genotype (Table 1) . However, in the thermotolerant genotype Nagcarlang, chlorophyll fluorescence was not affected by the high temperature (Table 1) .
The total chlorophyll content was only reduced in stressed Amalia plants ( Fig. 2A ), while the carotenoid content increased in both genotypes (Fig. 2B ). The chlorophyll / carotenoids ratio fell following heat shock in both, but especially in Amalia owing to the rise in carotenoids and the loss of chlorophylls in this genotype (Fig. 2C) .
In both genotypes at least four clear SOD isoforms were observed after crude extract proteins were electrophoresed on 12% PAGE in the absence of inhibitors (Fig. 3A, B) . After incubation with KCN, three bands were visible (Fig. 3C ), whereas only one band was detected in the presence of H 2 O 2 (Fig. 3D) . Thus, these SOD isoenzymes were identified as one Mn-SOD, two Fe-SOD and two CuZn-SODs, named I and II in order of increasing migration (Fig. 3A, B) .
In order to clarify the results obtained by electrophoresis, leaf extract proteins were submitted to isoelectrofocusing. Six bands of SOD activity were clearly observed (Fig. 4A ). According to the results obtained with the inhibitors, four of them were resistant to KCN (Fig. 4B ) and two were resistant to H 2 O 2 (Fig. 4C) . These results indicated the presence of two Fe-SODs, (most acid position, bands 1 and 2), two Cu / Zn-SODs, (bands 3 and 4) and two Mn-SODs, (most basic position, bands 5 and 6), respectively (Fig. 4A) .
No qualitative differences in the isoenzyme pattern were evident between genotypes. The analysis showed that approximately 32-42% of total leaf SOD activity was due to Fe-SODs, 38-44% due to Cu / Zn-SODs while ∼19-29% corresponds to Mn-SODs (Table 2) .
A study of antioxidant enzyme activity in response to heat shock showed that total specific SOD activity was reduced in both genotypes (Fig. 5A) . Quantification of the SOD isoenzyme patterns after isoelectrofocusing revealed a differential behaviour in response to heat shock in each genotype ( Table 2 ). In Amalia plants, the rise in temperature enhanced the activity of the less acid Fe-SOD (band 2) isoenzyme, resulting in an increase in the contribution of Fe-SOD activity to total SOD. However, the contribution of one of the two Cu / Zn-SODs (band 3) and that of the most active and less basic Mn-SOD isoenzyme (band 5) decreased (1.7-and 2-fold, respectively) with the heat shock, whereas the Cu / Zn-SOD (band 4) was enhanced (2 fold). In Nagcarlang plants, the contribution to the total SOD activity of both Fe-SOD isoenzymes increased in stressed plants, while both Cu / Zn-SOD isoenzymes showed reduced participation, and the Mn-SOD isoenzyme (band 5) seemed to be less reduced than in Amalia stressed plants ( Table 2) .
Examination of the enzymes that remove H 2 O 2 revealed significant differences between genotypes. APX activity was significantly increased by heat shock in both genotypes (Fig. 5B ). After heat stress, a 6-fold increase in APX activity in Amalia and a 4-fold increase in Nagcarlang were evident (Fig. 5B ). Catalase activity did not show variations in Amalia plants after heat shock, while a significant rise of ∼2-fold in activity was observed in the Nagcarlang genotype (Fig. 5C ).
The total ascorbate content was significantly reduced (around 2.7-fold) in leaves of Amalia plants after heat shock, as a result of a loss of both ASC and DHA. Nagcarlang leaves also showed a lower total ascorbate content after heat shock due to the reduction in ASC, although the fall was slightly less pronounced than in Amalia leaves (∼1.6-fold) ( Table 3) .
The total glutathione content fell in stressed Amalia plants, due to a decrease in both reduced and oxidised forms (Table 3 ). In Nagcarlang genotype, the total glutathione content increased slightly with the heat shock due to a rise in both the reduced and oxidised forms ( Table 3 ).
The levels of H 2 O 2 , lipid peroxidation and carbonyl proteins were measured as possible indices of oxidative processes in heat-shocked plants. The H 2 O 2 content was significantly decreased in the stressed plants of both genotypes (Fig. 6A) . Lipid peroxidation and the carbonyl protein content were found to be higher in Amalia plants after heat shock compared with the control (Fig. 6B, C) , these Table 1 changes being accompanied by an increase in electrolyte leakage (Fig. 6D) . In Nagcarlang plants, heat shock did not produce significant alterations in lipid peroxidation, carbonyl proteins or electrolyte flow (Fig. 6 ).
. Leaf water potential ( l ), leaf turgor potential ( p ), initial chlorophyll fluorescence (F o ), maximum chlorophyll fluorescence (F m ), and photochemistry efficiency (F v / F m ) values in leaves of control and heat-shocked (stressed) plants of Amalia and Nagcarlang
Discussion
Transpiration has been described as a way of cooling leaves subjected to heat shock in several species. As a result of transpiration, leaf temperature may be reduced by up to 5 • C and 20-30% of absorbed heat energy may be dissipated. Increased transpiration observed in the stressed plants of both genotypes was induced by the different environmental conditions, even though the stomatal conductance was not increased. Similar results were found in seedlings of tomato plants by Camejo et al. (2005) . These transpiration increments could be related to leaf cooling; in fact the leaf temperatures observed were 38 and 41 • C for the resistant and the sensitive genotypes, respectively, although this reduction was lower in the sensitive genotype. This may have been due to a partial stomatal closure, which was observed in these plants. The fact that one genotype seems to regulate better than the other suggests that the leaf temperature could be important for tolerance to the heat-stress treatment and could be a mechanism of response to this stress. The high level of transpiration also may induce stomatal closure, and for this reason, under heat stress, some genotypes close their stomata in an attempt to conserve water. Previous results reported by Starck et al. (1993) point to a decrease in stomatal conductance as temperature increases in tomato. According to these results, the reduced stomatal aperture observed in heated plants of Amalia and the maintenance of stomatal aperture in heated plants of Nagcarlang might be associated with tolerance mechanisms to avoid excessive transpiration and water stress (Fig. 1B, C) . In fact, the leaf water and turgor potentials were maintained in the stressed plants of both genotypes (Table 1) . According to von Caemmerer and Farquhar (1981) , changes in the net rate of CO 2 assimilation reflect alterations in both stomatal conductance and / or mesophyll capacity for photosynthesis. In our case, the decrease in CO 2 assimilation observed in the heat shocked Amalia plants could be related to a reduction in stomatal conductance (Fig. 1) , but the chlorophyll fluorescence emission in Amalia genotype was also modified by the heat shock, pointing to alterations in the leaf mesophyll component. Increased F o values were observed in stressed Amalia plants (Table 1) , indicating alterations in the energy-trapping capacity of the PSII, which could be related to a physical dissociation of the lightharvesting complex (Havaux 1993) . Evidence exits that environmental stress, such as high temperature, limits the ability of plants to utilise light energy (Stefanov et al. 1996) . In our study, modifications in the pigment content were observed in the plants subjected to heat shock. Both genotypes increased their carotenoid contents following heat shock and thus, this mechanism is not specific to either genotype (Fig. 2C) . However, only Nagcarlang does not seem to exhibit photooxidation of photosynthetic pigments as judged by its total chlorophyll content, which was not significantly modified by heat stress (Fig. 2B) . It is well documented that carotenoids not only play a role as accessory light-harvesting pigments but also protect photosynthetic systems, acting as non-enzymatic antioxidant compounds against reactive oxygen species (Asada et al. 1998; Loggini et al. 1999) . However our data do not allow us to identify which of these two roles is the most important in the heatshock response of either genotype.
Response to heat stress has previously been linked to oxidative stress. Both stresses induce pathways that result in the expression or accumulation of heat-shock proteins and heat stress also induces oxidative stress and / or the expression of antioxidant enzymes (Morgan et al. 1986; Lee et al. 2000) . Contrasting effects on SOD, CAT and APX activities (Kraus and Fletcher 1994; Dat et al. 1998; Huang et al. 2001) have been described in plants exposed to high temperatures. For example, high levels of SOD, CAT and APX appear to be correlated with the development of heat-shock-induced chilling tolerance in cucumber seedlings. However, our data do not completely support this. Thus, in our experiment, the heat shock decreased the total specific SOD activity in both genotypes (Fig. 5A ) due to specific changes in the levels of the different isoenzymes. In both tomato genotypes, the chloroplast-located Fe-SOD activity (Kwiatowski and Kaniuga 1984; Perl-Treves and Galun 1991) was the least sensitive isoenzyme (band 2) to heat shock, while the chloroplastic Cu / Zn-SOD (band 3) was reduced in these conditions, its function perhaps being largely taken over by the Fe-SOD (Kwiatowski and Kaniuga 1984) . Likewise, in stressed Amalia plants, in which Cu / Zn-SOD (band 3) was significantly reduced, the parallel decreasing participation in the total SOD activity of one of the Fe-SODs (band 1) may have contributed to the lower degree of chloroplast protection compared with that observed in Nagcarlang, in which loss of the Cu / Zn-SOD (band 3) was probably compensated by the slight increase in the participation of both chloroplastic Fe-SODs to total SOD activity. However, in Amalia plants the less abundant cytosolic Cu / Zn-SOD (band 4) increased and became similar to that in Nagcarlang after heat shock (Table 2) . This increase probably contributes to a enhancement in the capability of this cell compartment to scavenge O 2 . − under these conditions.
In contrast, it is important to point out the difference in the dark respiration between both genotypes after heat shock (Fig. 1) . In the sensitive plants, if the large increase of dark respiration is due to uncoupling, which could lead to a lack of ATP, and could be perhaps another important factor involved in its sensitivity to the high temperature. The important increase in respiration observed in Amalia leaves after heat shock (Fig. 1D ) was not correlated with Mn-SOD activity, since there was a significant decrease in the contribution to the total activity due to the major Mn-SOD (band 5), which probably represents the mitochondrial isoenzyme (Perl-Treves and Galun 1991; Gómez et al. 1999; Jiménez et al. 2003) (Table 2 ). Such a situation may also have favored the increase in the O 2 . − radical content in the mitochondria of heat-shocked Amalia plants. Mitochondria of heat-shocked Nagcarlang leaves seemed to be better protected against O 2 . − , since the increase in dark respiration was lower and the Mn-SOD (band 5) contribution to the activity was less affected than in Amalia, and the minor Mn-SOD (band 6) slightly increased (Table 2) . By analogy to that described for other plants (Mittova et al. 2000; del Río et al. 2003; Mateos et al. 2003) , Mn-SOD (band 6) could represent the peroxisomal Mn-SOD. However, it should be noted that, although the idea that the changes in each individual antioxidative isoenzyme in mediating cell compartment protection under stress has gained experimental support (Storozhenko et al. 1998; Asada 1999; Gómez et al. 2004) , the modifications observed in the different SODs under heat shock in both tomato genotypes seems to be insufficient to trigger an induction in total leaf SOD activity, and thus, in the total leaf capacity to scavenge O 2 . − . Moreover, when the enzymes that eliminate H 2 O 2 were examined, we found a significant increase in APX activity with the rise in temperature in both genotypes (Fig. 5B ), a pattern that agrees with observations made in other plants (Sato et al. 2001; Shi et al. 2001; Li et al. 2003) . Although the increase in APX was higher in the sensitive genotype than in the resistant one, this pattern was different for catalase activity, which increased significantly only in the resistant cultivar (Fig. 5C) . A reduction in peroxisomal CAT activity has been reported during short periods of heat shock (Foyer et al. 1997; Dat et al. 1998 ), a decline that could be attributed to CAT photoinactivation (Schafer and Feieranbernd 2000) and the inhibition of enzyme synthesis in the dark (Dat et al. 1998 ). However, CAT activity did not decrease in Nagcarlang or in Amalia genotypes after heat-shock treatment, in agreement with results obtained in tomato plants under summer conditions (Rainwater et al. 1996) . The increased catalase activity found in Nagcarlang (Fig. 5C) , suggests an increased enzyme synthesis and / or turnover. In Amalia plants, although the results suggest that the possible thermal inactivation of CAT did not exceed the capacity for repair, a shift to more stable isoenzyme might have occurred, as has been described in pepper leaves (Anderson 2002) .
Leaf H 2 O 2 levels decreased with heat shock in both genotypes, indicating efficient scavenging of H 2 O 2 (Fig. 6A) . Similar results were obtained in heat-injured and heat-killed pepper leaves (Anderson 2002) , although evidence of H 2 O 2 accumulation during heat shock was reported in Nicotiana tabacum seedlings (Dat et al. 1998) . In tomato leaves, it seems that the decrease in H 2 O 2 is accompanied by a parallel increase in APX and peroxisomal catalase only in Nagcarlang. The up-regulation of antioxidative enzymes, rather than the constitutive levels, among other factors, seems to be important in the tolerance response to temperature (cold and / or heat) in different plants (Mishra et al. 1993; Rainwater et al. 1996; Liu and Huang 2000) . In fact, recently a strong correlation between the ability to up-regulate the antioxidant defense system including catalase and the ascorbate-glutathione cycle, and the ability of tomatoes to produce greater yields when grown under heat stress has been described (Rainwater et al. 1996) . This relationship was also reported in different plants under other abiotic stresses (Gómez et al. 1999; Tsugane et al. 1999) , and also for other proteins including small heat-shock proteins (sHsps).
In addition, overexpression of microsomal APX gene from barley confers heat tolerance to Arabidopsis (Panchuk et al. 2002) , further confirming that AOS are involved in heat-induced damage and also indicating the involvement of peroxisomes in the heat-stress response. However, the contribution of each APX isoenzyme to the observed increased total APX activity after heat shock in both tomato genotypes is still unclear. Thus, we cannot exclude the participation of peroxisomal APX (Mittova et al. 2000) in the elimination of H 2 O 2 during heat shock. In Nagcarlang plants, the significant increase in peroxisomal CAT activity may contribute to its improved heat tolerance, thereby avoiding H 2 O 2 accumulation in peroxisomes and thus, its possible leakage to cytosol under these conditions.
Changes in enzyme activity were accompanied by a notable decrease in the ascorbate pool and an increase in the ASC / DHA ratio in Amalia leaves. These heat-shock effects were less pronounced in Nagcarlang leaves (Table 3 ). The lack of a similar decline in APX activity and ASC after heat shock strongly suggests that the enzyme activity is not limited by the loss of substrate. Moreover, the increased APX activity after heat shock may be responsible for a decrease in ASC accumulation. The lack of DHA accumulation after heat shock suggests that ASC regeneration does not limit the ASC content, both of which seem to be determined by their rate of synthesis and degradation.
Like ASC, GSH is a compound of low molecular weight with a recognised antioxidant function (Noctor and Foyer 1998) . The level of GSH has been reported to increase during heat stress and may be important in the early response to thermal stress (Nieto-Sotelo and Tuan-Hua 1986). In our study the levels of total GSH slightly increased and the GSH / GSSG ratio decreased in the leaves of Nagcarlang plants during heat stress (Table 3 ). The results could reflect an increased rate of synthesis of GSH during heat shock in this genotype, whereas in Amalia the rate of GSH biosynthesis was lower than the rate at which it was used, since a decrease in the content of both GSH and GSSG was observed in heat-treated leaves (Table 3) . However, heat-shock effects on total ASC and GSH pools were less pronounced in Nagcarlang plants. Regarding oxidative processes, there were clear symptoms of oxidative damage after heat shock in Amalia plants as indicated by the increase in the carbonyl protein content, lipid peroxidation products and electrolyte leakage ( Fig. 6B, C, D) . Thus, in Amalia, reduced cell membrane stability could have resulted from heat-induced lipid peroxidation and may respond in part to the alterations found in the photosynthetic apparatus. Leaves of Nagcarlang plants retained most of their antioxidant capacity after heat shock, with increases not only in APX but also in CAT activity, an enhanced glutathione content and a lower loss of ASC compared with that observed in Amalia plants. Although evidence supports the implication of different factors, such as a variation in chloroplast small heat-shock proteins in the protection of chloroplasts during heat shock, the observed differences in the response of antioxidative enzymes and antioxidant capacities of both genotypes to the heat stress do not allow us to determine a clear role of antioxidants in the heat-shock resistance of tomato plants. However, they may explain part of the higher oxidative damage observed in Amalia in contrast to the Nagcarlang genotype, in which they seem to be only incipient. The lower oxidative damage together with the large difference between genotypes in dark respiration might be also related to the development of heat-shock tolerance on the part of the Nagcarlang photosynthetic apparatus.
